Introduction
Phenol and its derivatives are released as pollutants from different industrial activities. No less than two thirds of phenol produced worldwide are employed in the chemical synthesis of bisphenol A and phenolic resins (Palma et al., 2010) . Besides coloring and conferring smell to water, phenol was shown to be toxic for aquatic organisms even at relatively-low concentrations (5-25 mg/L), and its adverse effects on human health are well documented (Sax, 1983) . Since some of phenols appear in the list of major pollutants of the Environmental Protection Agency, the rules of most countries impose stringent quality standards for their presence in treated effluents. Being it so, it is essential to save water resources and aquatic life by removing these compounds from wastewaters.
Techniques available for phenolics treatment can be classified as recovery and destructive techniques, among the latter being the biological treatments (Palma et al., 2010) . Compared to others, biological methods appear to be effective and competitive, being able to meet the increasingly stringent quality standards at relatively low cost . Tyrosinase-catalyzed oxidation may be an ecofriendly and sustainable method to treat phenolcontaminated wastewaters; however, enzymes are often quickly inactivated, increasing the process cost. Therefore, additional effort should be directed to this issue.
Polyphenol oxidases, usually called tyrosinases, are enzymes ubiquitously distributed in a number of living beings (Halaouli et al., 2006 ) that catalyze, using O 2 as an oxidant, monophenols hydroxylation to o-diphenols and subsequent dehydrogenation of o-diphenols to o-quinones. These are non-enzymatically converted to more stable intermediates, which are subsequently transformed into insoluble, high molecular weight polyphenolics that can be easily removed by solid-liquid separation. The use of natural tyrosinases from plant organisms, especially mushroom (Agaricus bisporus), would make the treatment less costly than with commercial enzymes.
Olive oil industry generates huge amount of wastes with great environmental impact (Mulinacci et al., 2001) , among which the most abundant is olive oil wastewater, an acidic liquid (pH 5-5.5) containing traces of olive pulp, inorganic salts, pectins, oil polyphenols, free fatty acids and other organic substances responsible for dangerous effects on the ecosystem (Roig et al., 2006) . Methods presently used to manage this pollutant, mainly the treatment with calcium hydroxide, fermentation or co-composting with solid olive stone wooden residue (Galiatsatou et al., 2002) , lead to phenolics degradation in an irreversible, non-recoverable manner. However, the importance of polyphenols as antioxidants, neurosedative, anti-inflammatory, anti-viral and anti-cancer agents is well accepted; therefore, the recovery of extracts rich in phenolics from such a low-cost and widely available by-product would not only benefit olive oil producers but could also reduce its environmental impact.
In view of exploitation of industrial A. bisporus wastes to treat phenol-contaminated effluents, a kinetic and thermodynamic study was performed on the influence of different process variables (temperature, pH, starting phenol concentration and enzyme activity) on phenol oxidation by tyrosinase-rich mushroom extracts and their thermostability. The final part of the work was addressed to their application to the treatment of oil mill wastewater.
Methods
All chemicals were purchased from Sigma Chemical Co (St. Louis, MO, USA). Common mushroom (A. bisporus) wastes were obtained from a local market at Genoa (Italy). For extracts preparation, fruit bodies of A. bisporus were treated according to Zynek et al. (2010) . Olive mill wastewater of Taggiasca cultivar obtained from a three phase oil extraction decanter was supplied by an olive oil production plant in Imperia (Italy).
Phenol oxidation tests were carried out at 400 rpm and an O 2 flowrate of 2.3 L/h in a 3-L fermentor, model Z61103CT04 (Applikon, Schiedam, The Netherlands), containing 1.0 L of the reacting mixture, and the operative conditions controlled through an Applikon ADI 1030 electronic device. Aliquots of the extracts (30 mL) were thawed, diluted up to the desired initial enzyme activity (E 0 ), added to the mixture (1.0 L) and let to react with phenol, progressively optimizing the initial pH (pH 0 ), temperature (T), E 0 and initial phenol concentration (S 0 ). Thermodynamic parameters of phenol oxidation and tyrosinase unfolding were determined through additional tests at variable T (10-60°C) under optimized conditions. After sampling (3 mL), the activity was stopped by addition of 240 lL of H 3 PO 4 8.5% (w/v). Residual activity tests were done at E 0 = 20.6 U/mL in 10-mL glass tubes by exposing the extracts at different T (20-50°C). To this purpose, samples (25 lL) withdrawn after variable times were cooled at 25°C and assayed for tyrosinase activity. All tests were performed in triplicate, and the results expressed as mean values and standard deviations.
Extracts were also tested in the treatment of olive mill wastewater. Batch adsorption tests were performed with 4 g of activated carbon (AC) at 25°C and 200 rpm in 100-mL Erlenmeyer flasks containing 50 ± 0.2 mL of centrifuged and 1:20 diluted effluent. At the end of adsorption (30 min), samples were filtered, and the residual concentration of total polyphenols (TP) was determined. Finally, 100 mL of treated wastewater were submitted to polyphenol oxidation at pH 0 6.5 and 30°C with 3 mL of either commercial tyrosinase solution or mushroom crude extract at E 0 = 2.62 and 8.60 U/mL, respectively. Two additional tests were performed under the same conditions directly on the wastewater without any AC pretreatment, using either the above mushroom extract or a more concentrated one (E 0 = 25.7 U/mL). All runs were carried out in duplicate, and the percentage errors never exceeded 6%.
Tyrosinase activity of samples (0.1 mL) was determined according to the Worthington Enzyme Manual (2010), phenol concentration according to Zhang et al. (2011) and TP concentration by the Folin-Ciocalteu assay using caffeic acid as a standard.
As no accumulation of catechol was detected, phenol degradation was considered as a one-step reaction and kinetically described by the Michaelis-Menten equation referring to the initial values of the oxidation rate (v 0 ) and S 0 . A nonlinear least-squares method was used in an error minimization program (Table Curve Jandel for Windows) to estimate the maximum oxidation rate (v 0,max ) and Michaelis constant (k M ).
As described for carboxylesterases (Converti et al., 2002) , the overall phenomenon of enzyme thermal inactivation can be described by an equilibrium of enzyme unfolding (equilibrium constant K I ) followed by an irreversible step leading to its denaturation (first-order rate constant k d ). At T lower than the optimum (T opt ), the above equilibrium is shifted toward the left side, the enzyme inactivation negligible, and the initial specific rate of phenol oxidation (k 0 = v 0 /S 0 ) described by the Arrhenius equation. On the other hand, at T > T opt , it is shifted toward the right side (Roels, 1983) ; thus, substituting the K I definition in the enzyme material balance and applying the Gibbs and Michaelis-Menten equations, we obtain:
where E ⁄ is the activation energy of tyrosinase activity, R the ideal gas constant, A the Arrhenius pre-exponential factor, DH D the standard enthalpy variation of the inactivation equilibrium and B an additional pre-exponential factor.
Under these conditions, the contribution of the unfolded form of the enzyme becomes predominant owing to K I increase with temperature, therefore Eq. (1) simplifies to:
E ⁄ for tyrosinase activity and DH D for reversible unfolding were estimated from semi-log plots of ln k 0 vs 1/T according to the Arrhenius equation and Eq. (2), respectively.
The thermoinactivation process can kinetically be described by first-order kinetics:
where v d is the rate of enzyme inactivation and E the concentration of its active form.
Defining the activity coefficient as the ratio of E to the enzyme concentration at the beginning of thermal treatment (w = E/E 0 ), k d was estimated at different temperatures from the slopes of the straight lines obtained plotting the experimental data of ln w vs time. Finally, plotting according to Arrhenius ln k d vs 1/T, we estimated from the slope of the resulting straight line the activation energy of the irreversible enzyme thermoinactivation ðE
The enzyme half-life (t 1/2 ) was defined as the time after which E was reduced to one half the initial value and calculated as t 1/2 = ln 2/k d (Rashid and Siddiqui, 1998) .
Results and discussion
To select the optimum pH for tyrosinase activity of A. bisporus extracts, a first set of phenol oxidation tests was performed at 30°C in the initial pH (pH 0 ) range 4.5-8.5, using fixed starting enzyme activity (E 0 = 9.54 U/mL) and phenol concentration (S 0 = 100 mg/L) (Fig. 1A) . At pH 0 5.5-7.5, phenol was almost completely oxidized after 100 min, whereas the degradation yield significantly decreased either under more alkaline (by 71% at pH 0 8.5) or acidic (by 84% at pH 0 4.5) conditions. The initial phenol oxidation rate (v 0 ) progressively increased with pH 0 , reached a maximum value of 2.69 mg L À1 min À1 at pH 0 6.5 and then decreased. Based on these results, we performed the following experiments at pH 0 = 6.5.
To investigate the effect of enzyme concentration on phenol degradation kinetics, 4 tests were carried out at 30°C and S 0 = 100 mg/L increasing E 0 from 1.43 to 9.54 U/mL. According to first-order kinetics, v 0 linearly increased (from 0.911 to 1.84 mg L À1 min À1 ) when tyrosinase activity was doubled (from 1.43 to 2.86 U/mL), while it rose by less than 22% when the activity was further increased (from 5.72 to 9.54 U/mL). This last result is consistent with a tendency to zeroth order kinetics. Nonetheless, because of the need to speed up as much as possible the process to simulate real-scale applications, the highest E 0 value was used in subsequent experiments.
Additional tests carried out at T = 30°C, pH 0 6.5 and E 0 = 9.54 U/ mL and varying S 0 from 50 to 600 mg/L allowed calculating, with good correlation (R 2 = 0.982), an apparent Michaelis constant of 309.3 mg/L and a maximum phenol oxidation rate of 11.57 mg L À1 min À1 , hence confirming the applicability of Michaelis-Menten-type kinetics to phenol oxidation by our tyrosinase extracts.
As far as to the effect of temperature (T) on the extract activity is concerned, experiments were carried out at E 0 = 9.54 U/mL, pH 0 6.5 and S 0 = 100 mg/L and varying T from 10 to 60°C. To minimize the influence of activity loss due to irreversible denaturation of tyrosinase, we referred to the initial specific rates of phenol oxidation (k 0 ) calculated within the first 20 min of each experiment. The semi-log plot of ln k 0 vs 1/T showed a linear increase below 30°C, whereas an opposite trend was observed over this threshold value. Such a relatively low optimum T (30°C) is consistent with that reported by other researchers for both free tyrosinase or plant extracts (Labus et al., 2011; Marín-Zamora et al., 2006; Zynek et al., 2010 Zynek et al., , 2011 ). An activation energy of phenol oxidation reaction (E ⁄ ) of 18.9 kJ/mol and a standard enthalpy variation of enzyme unfolding ðDH D Þ of 33.2 kJ/mol were estimated, with satisfactory correlation (R 2 = 0.998 and 0.953, respectively), from the slopes of these straight lines. The E ⁄ value is quite low compared with those of most enzymes in water (25-80 kJ/mol) (Hasmann et al., 2007) , which is in agreement with the recognized high activity of tyrosinases. Even lower E ⁄ values were reported for ascorbate oxidases (10-18.4 kJ/mol) and a comparable one for nitrite reductase (22.7 kJ/mol) (Porto et al., 2006) . Such a comparison suggests that relatively low E ⁄ values are typical of most oxidoreductases involving electron transfer.
As regards to tyrosinase thermostability, long-term residual activity tests were carried out in the T range 20-50°C and using higher E 0 (20.6 U/mL) to speed up the reaction, whose results in terms of the residual activity coefficient (w) are illustrated in Fig. 1B . The tyrosinase activity followed the classical decay of the first-order denaturation pattern already observed for similar A. bisporus extracts (Labus et al., 2011; Marín-Zamora et al., 2006; Zynek et al., 2010 Zynek et al., , 2011 as well as other enzyme systems such as ascorbate oxidase (Porto et al., 2006) . The kinetic results of these tests summarized in Table 1 show that the specific rate of first-order tyrosinase thermoinactivation (k d ) progressively increased with temperature, highlighting that its irreversible denaturation became more and more significant, as confirmed by the decreasing values of the enzyme half-life. The value of k d obtained at 50°C (0.919 h À1 ) was lower and that of t 1/2 (0.75 h) higher than those reported by Labus et al. (2011) at 55°C either for a native A. bisporus extract (k d = 27.2 h
À1
; t 1/2 = 0.025 h) or for a tyrosinase immobilized in cellulose (k d = 1.27 h À1 ; t 1/2 = 0.55 h). On the other hand, the values of t 1/2 calculated at 20-40°C (1.13-11.7 h) are lower than those reported at 20-35°C for other mushroom extracts either in free form (74-171 h) or immobilized in different supports (72-192 h) (Marín-Zamora et al., 2005 . Such a variability may be ascribed to differences either in the extract preparation protocols or the variety of mushrooms. Semi-log plot of ln k d vs 1/T allowed estimating an activation energy of tyrosinase irreversible thermoinactivation ðE Ã d Þ of 75.7 kJ/mol (R 2 = 0.972). This value is higher than those reported for glucose-6-phosphate dehydrogenase (Hasmann et al., 2007 ) (25-54 kJ/mol) and ascorbate oxidase (51.7 kJ/mol) (Porto et al., 2006) , providing a further proof of a certain thermostability of tyrosinase contained in these mushroom extracts. However, as expected, it is lower than those reported for enzymes recognized as particularly thermoresistant, among which glucose isomerase (235 kJ/mol) (Roels, 1983) . Limiting the comparison to tyrosinase systems, the value of E Ã d estimated in this study is lower than those reported for other A. bisporus extracts either as such (217 kJ/mol) or differently purified (237-249 kJ/ mol) (Zynek et al., 2010) , but substantially higher than those reported for tyrosinases from palmito (5.41 kJ/mol), banana (18.6 kJ/mol) and potato (54.5 kJ/mol) (Robert et al., 1995) . One can realize from this overview that there is a very large variability of E Ã d data in the literature, likely due to large differences in the source and purity of the enzymes as well as the substrates used.
The final part of the work was addressed to a case study of special environmental concern, i.e. the treatment of olive mill wastewater using mushroom extracts as biocatalysts. A first set of experiments was performed on an olive oil wastewater preliminarily treated with activated carbon (AC). The adsorption resulted in a decrease from 7744 to 1444 mg CAE /L in total polyphenols (TP) concentration after 30 min of contact time at 25°C using 8 g AC / 100 mL wastewater , corresponding to a 81.3% removal efficiency. The following degradation of TP from the AC-treated wastewater, carried out at pH 0 6.5 and 30°C using either commercial tyrosinase or an A. bisporus extract at E 0 = 2.60 and 8.57 U/mL, respectively, led after 100 min of reaction to decreases in the residual TP concentration by only 16.9% and 19.2%, respectively (Table 2) , likely due to excessive dilution of these enzyme solutions. To accelerate the process and reduce its costs for possible, future industrial application, two additional degradation tests were performed under the same conditions directly on the raw wastewater, without any AC treatment, using the above A. bisporus extract as well as a more concentrated one (E 0 = 25.7 U/mL). TP oxidation remarkably increased in both cases, but was not significantly influenced by E 0 ; after 100 min of reaction, the oxidation yield did in fact increase only from 43.3% to 44.8% when the more diluted extract was substituted by the more concentrated one.
Taking these results together, one can conclude that A. bisporus extracts could be efficiently used to decrease the olive mill wastewater contaminating power only by adding them directly into the wastewater without any prior dilution or pretreatment. On the other hand, TP removal by adsorption with AC could be economically attracting if they were recovered, purified and used in food, cosmetic and pharmaceutical industries.
Conclusions
Tyrosinase-rich A. bisporus extracts were employed to degrade phenol in aqueous solution. The initial phenol oxidation rate (v 0 ) reached a maximum value of 2.69 mg L À1 min À1 at initial pH 6.5 and followed Michaelis-Menten-type kinetics. Thermodynamic parameters of tyrosinase activity, reversible unfolding and irreversible thermoinactivation were also estimated. The irreversible thermoinactivation was characterized by an activation energy of 75.7 kJ/mol, consistently with a certain tyrosinase thermostability in the extracts. Crude extracts allowed reducing the residual total polyphenols content of a real oil mill wastewater by 44.8%, thus proving efficient, low cost enzyme preparations to reduce its polluting power. 
